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a b s t r a c t
This paper reports on the structural characterization of Pb1xLaxZr0.40Ti0.60O3 (PLZT) ferroelectric ceramic
compositions prepared by the conventional solid state reaction method. X-ray absorption spectroscopy
(XAS) and Raman spectroscopy were used to probe the local structure of PLZT samples that exhibits a nor-
mal and relaxor ferroelectric behavior. From the Zr K-edge and Pb LIII-edge EXAFS spectra, a considerable
dissymmetry of Zr and Pb sites was observed in all samples, including those showing a long-range order
cubic symmetry and a relaxor behavior. The Raman spectroscopy results conﬁrmed the existence of a
local disorder in all PLZT samples through the observation of Raman active vibrational modes. The vari-
ation in the intensity of the E(TO3) mode in the PLZT relaxor samples indicates that the process of corre-
lation between nanodomains stabilizes at temperatures lower than Tm.
 2013 Elsevier B.V. All rights reserved.
1. Introduction
PbZr1yTiyO3 (PZT) solid solutions represent an important fam-
ily of ferroelectric and antiferroelectric materials. The properties of
PZT have been extensively studied and PZT have been applied as
capacitors, actuators, transducers and electro-optic devices [1,2].
At high temperatures, above the maximum point of the relative
dielectric permittivity curve, these materials exhibit a crystalline
cubic structure and upon cooling, undergo a phase transition to a
lower symmetric phase, which may be tetragonal, orthorhombic
or rhombohedral, depending on the sample’s composition [3].
The replacement of Pb+2 by La+3 in the PbZr1yTiyO3 system
leads to the formation of the Pb1xLaxZr1y, TiyO3 (PLZT) system.
It has been widely known that this chemical substitution induces
important modiﬁcations in the electric and structural properties
of PLZT by creating vacancies in the A site due to the maintenance
of electric neutrality in the ABO3 perovskite structure. The break-
age of the long-range Coulomb interaction in the PLZT lattice,
attributed to these A site vacancies [4], is considered responsible
for the formation of polar nanodomains, hence, the observation
of a relaxor behavior [1,5].
Most structural studies of PLZT samples have been dedicated to
the Zr-rich compositions, which exhibit a rhombohedral structure
[6]. For the Pb1xLaxZr0.65Ti0.35O3 samples, a minimum content of
8 at.% of La is necessary to induce a relaxor behavior [7].
Compositions based on the Ti-rich region of the PLZT phase dia-
gram are of technological interest due to their high quadratic elec-
tro-optic effect and electrostrictive strain, being useful for
quadratic electro-optic modulators, optical phase retarders, elec-
tro-optical shutters and actuators [3,7–9]. According to the litera-
ture, the Pb1xLaxZr0.40Ti0.60O3 Ti-rich composition exhibits a
relaxor behavior when x is higher than 12 at.% [3,7–10].
In lead-and barium-based perovskite ferroelectric relaxor mate-
rials, above and below the temperature of maximum of dielectric
permittivity (Tm), the X-ray diffraction (XRD) technique shows
the existence of a long-range order cubic symmetry with no phase
transition [11,12]. However, the observation of a cubic symmetry is
not compatible with the observation of a relaxor state in these
samples. The use of short-range order structure characterization
techniques, such as X-ray absorption spectroscopy (XAS) and Ra-
man spectroscopy, has shown the existence of a certain degree of
local disorder above and below Tm, which is apparently not com-
patible with the long-range order cubic symmetry detected by
XRD [13–15]. In fact, XAS technique is a powerful tool for the
investigation of local structures and provides meaningful addi-
tional structural information on materials [16]. Although the local
structural data afforded by XAS are usually not sufﬁcient to
construct a whole structural model, they often provide valuable
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information about the local structural peculiarities [17]. Different
studies have shown that a change in the long-range order symme-
try surprisingly causes only minor modiﬁcations in the local struc-
ture around transition metals in perovskite structures [13–16].
Moreover, these studies have also shown a high degree of local dis-
tortion even in samples that display an average ‘‘cubic’’ long-range
order structure [13–16].
Few studies have addressed the local structure of Ti-rich PLZT
ferroelectric compositions which exhibit a long-range order tetrag-
onal symmetry [18–20]. We have studied the electronic structure
around O atoms in Ti-rich PLZT samples by X-ray absorption near
edge structure (XANES) establishing the role of hybridization be-
tween O 2p and Pb 6sp states in the relaxor samples [21]. More-
over, Ti K-edge XANES spectra showed that the TiO6 distortion
remained signiﬁcant even for the sample characterized as cubic
by XRD Rietveld reﬁnement [10].
In PZT system, Pb atoms are of particular importance as it hybrid-
izeswithoxygen states leading to a large off-center displacement for
the B atoms in the ABO3 structure which results in high polarization
and ferroelectric order [22,23]. Recent studies have shown the
importance of B atom displacement in the BO6 octahedron in com-
positional ferroelectric phase transitions (suchas the case of La atom
incorporation) between different ferroelectric phases, as well as the
normal-to-relaxor ferroelectric transition [24–26]. Larger B atom
off-center displacements allow the overbonding of oxygen atoms
to be alleviated by motion of the B atoms away from the O atom,
tending to stabilize the normal ferroelectric phase [25]. It has also
been shown that the decreases of the Ti off-centering displacement
is related to the induction of a relaxor behavior [25,26]. In a our pre-
vious study involving X-ray absorption measurements at Ti K-edge
we ﬁgured out that Ti off-centering displacement decreases as a
function of La content in PLZT samples [21]. This displacement
ranges from around 0.45 Å for PbZr0.40Ti0.60O3 sample to around
0.30and0.28 Å forPb0.85La0.15Zr0.40Ti0.60O3and0.79La0.21Zr0.40Ti0.60O3
samples respectively [21]. As discussed in themanuscript, these two
samples present relaxor behavior. A much more pronounced
off-center shift of Ti atoms in their oxygen octahedral would be ex-
pected in comparison to the Zr atoms because of the difference in io-
nic radii (0.72 and 0.605 Å for Zr4+ and Ti4+ respectively) [22]. Indeed
it has been reported by using XAS technique that in the PZT system
that Zr atoms show a small shift of around 0.07 Å without a depen-
dence with temperature or Zr composition [27,28]. The Zr shift will
produce a small Zr polarization which can be aligned with a modest
electric ﬁeld andwould create a favorable energetic situation for the
switching of the strongly polar Ti–O dipole [22]. Therefore, Zr shift
plays an important role for the large ferroelectric order in PZT sys-
tem. As there are no relaxor characteristics in any composition of
PZT system, it seems of great interest to probe the local structure
of Zr in PLZT samples and correlate Zr off-centering with relaxor
features.
As it has been recognized that Zr and Pb atoms play an impor-
tant role in the ferroelectric properties of the PLZT compounds, it is
of great interest to complete our previous local order structural
studies by expanding the prior short-range order analysis to those
atoms. To the best of our knowledge, Zr and Pb local environments
in a Ti-rich PLZT system have not been yet characterized by XAS
and Raman spectroscopy techniques.
2. Experimental procedure and methods of data analysis
Pb1xLaxZr0.40Ti0.60O3 samples (denoted as PLZT100x) with x = 0.00 (PZT), 0.05,
0.11, 0.12, 0.13, 0.14, 0.15 and 0.21 at.% of La, were prepared by the conventional
mixed oxide method and conventional sintering route. The details about the PLZT
samples preparation are given elsewhere [10].
Pb LIII-edge X-ray absorption spectra were collected at the LNLS (National Syn-
chrotron Light Laboratory) facility using the D04B-XAS2 beamline. The LNLS storage
ring was operated at 1.36 GeV and 100–160 mA. X-ray absorption spectra were col-
lected at the Pb LIII-edge (13055 eV) in transmission mode using an Si(111) chan-
nel-cut monochromator. The Zr K-edge Extended X-ray Absorption Fine Structure
(EXAFS) spectra were collected at the SOLEIL Synchrotron facility using the SAMBA
beamline with an Si(220) sagittal focusing double crystal monochromator. All the
XAFS data were collected at room temperature. The samples thicknesses were opti-
mized at each edge by the Multi-Platform Applications for XAFS (MAX) software
package Absorbix code [29]. Normalized XANES and EXAFS spectra were extracted
with the MAX-Cherokee code while the ﬁtting procedure and comparison between
experimental and theoretical EXAFS curves were conducted with the MAX-Round-
midnight package. The theoretical EXAFS spectra were calculated by the FEFF8 code
[30], whose input ﬁles were issued from MAX-Crystalffrev software, which takes in
account substitution disorder and random vacancies in the structure. The ﬁtting
quality was analyzed according to the recommendations of IXS standard and crite-
ria reports (error report, 2000 [31]). In our work the relevant measure of the ﬁt
quality, the reduced statistical v2 is named QF (quality factor).
Raman scattering measurements were performed using a Coherent INNOVA
70C Spectrum laser and a Jobin–Yvon T64000 triple monochromator with a charge
coupled device detector. The 514 nm line of an argon laser was used as the exciting
light and the power was kept below 1 mW and measured after the 50x objective.
3. Results and discussion
The XANES and EXAFS spectra at the Zr K-edge were collected at
room temperature for PZT (x = 0, normal ferroelectric), PLZT5
(x = 0.05, normal ferroelectric) and PLZT15 (x = 0.15, relaxor ferro-
electric) samples. Unfortunately, the Zr edge spectra of PLZT21
(x = 0.21, relaxor ferroelectric) could not be properly recorded. In
all Zr EXAFS spectra, it was mandatory to cut the spectrum at
12 Å1 due to the presence of an important and unrecoverable
glitch just above this k value.
Fig. 1 shows the normalized Zr K-edge XANES spectra of PZT,
PLZT5 and PLZT15 samples and BaZrO3 as the reference compound.
The three spectra are almost identical, showing that the Zr envi-
ronment was not signiﬁcantly affected by the substitution of Pb2+
by La3+ [15,21,32,33]. In these spectra, the transition observed in
the region of the pre-edge is related to transitions from 1s to 4d
states and is more pronounced in structures whose sites are occu-
pied by Zr off-centering [34]. The two peaks positioned between
18017 and 18035 eV are related to transitions from 1s to 5p states
of Zr atoms and are present in spectra when the Zr atom exhibits
octahedral symmetry [34,35].
In order to obtain quantitative structural information about Zr
local order, an EXAFS study was conducted at the Zr K-edge.
Fig. 2 shows the Zr K-edge EXAFS and the respective Fourier trans-
form (FT) moduli of PZT, PLZT5 and PLZT15 samples. The ﬁrst in-
tense FT peak is related to the Zr–O distances in the ZrO6
octahedral site, whereas the peaks beyond the ﬁrst neighbors
(R > 2.5 Å) represent single scattering paths relative to Zr–Pb/La,
Zr–Ti/Zr and Zr–O and multiple scattering paths such as Zr–O–O,
Zr–O–Zr, Zr–O–Zr–O, Zr–O–Pb, Zr–Ti–O and Zr–O–Ti–O. Due to
the complexity of these components and the noise level, we fo-
cused the Zr local order quantitative study on the ﬁrst FT peak.
Initially, we considered a structural model with a local tetrago-
nal symmetry with different sets of Zr–O mean bond-lengths
where each set forms a coordination shell. This model was pro-
posed considering XRD results obtained from Rietveld analysis,
whose results of each sample are shown in Table 1 [10]. We
adopted a procedure used to study the WO6 local structure in crys-
talline tungsten trioxide derivatives [36,37]. Each coordination
shell can be represented by four ﬁtted parameters: number of
neighbors (N), Debye–Waller factor (DW) representing the local
disorder (r2), central atom-neighbor distance (R) and a shift of
the energy origin DE0. However, it is necessary to minimize the
number of parameters (Npar) to avoid ﬁtting drawbacks due to
the poor statistics of the data (number of independent points,
Nind = 13) and the parameters correlations. Thus, the total number
of oxygen neighbors was ﬁxed to 6 and the Debye Waller factor
was considered the same for all shells. The energy threshold DE0
adjustment was also constrained to a unique value since the use
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of different energies can lead to unphysical results [38,39].
Table 2(a) shows the ﬁtting conditions whereas Table 2(b) shows
the best ﬁtting results for each sample deﬁned by the minimum
value of QF. For the PZT and PLZT5 samples, the best ﬁtting were
attained when a two-shell model was adopted. For PLZT15, the
best ﬁt was obtained with a three-shell model.
The Zr off-center displacement DR = (Rlong  Rshort)/2 was calcu-
lated by using the mean bond distances obtained from the EXAFS
ﬁtting and compared with the one obtained from previous XRD
data [10]. As can be seen in Table 3, the ZrO6 octahedron site dis-
tortion probed by EXAFS remains important even for x = 0.15 and
does not follow the crystallographic transition from a local tetrag-
onal site symmetry for PZT to a cubic and regular structure for
PLZT15 [10]. This result is similar to that observed during the anal-
ysis of Ti K-edge XANES spectra [21].
According to Cao et al. [27], the displacement of Zr atoms from
the centrosymmetric position in the PbZr1xTixO3 sample obtained
from Zr K-edge EXAFS measurements is approximately 0.07 Å. A Zr
off-center displacement around 0.1–0.3 Å was also obtained from
density functional theory calculations for the PbZr0.50Ti0.50O3 com-
position [40,41]. The main difference between our results and
those above mentioned could be related to the fact that our sam-
ples contain some A site vacancies due to the substitution of Pb2+
by La3+.
The analysis of Zr and Ti off-center displacement has been
considered as one of the keys to better understand the dielectric
properties of PZT and PLZT samples. Unfortunately, despite the
Fig. 1. Zr K edge XANES spectra of BaZrO3, PZT, PLZT5 and PLZT15.
Fig. 2. (a) EXAFS kv(k) and (b) modulus of the Fourier transforms of k3v(k) Zr
K-edge spectra for PZT, PLZT5 and PLZT15 samples.
Table 1
Structural parameters obtained from XRD reﬁnement and related FEFF model of PZT,
PLZT5 and PLZT15 samples [10].
XRD parameters of PZT sample
a (Å) b (Å) c (Å)
4.007734 4.007734 4.149705
x/a y/b z/c Occupancy
Pb 0.0000 0.0000 0.0000 1
Zr/Ti 0.5000 0.5000 0.5463 0.40/0.60
O1 0.5000 0.5000 0.1325 1
O2 0.5000 0.0000 0.6203 1
FEFF model of PZT sample
Zr neighbor Amplitude ratio Degeneracy nleg R (Å)
Zr–O1 100 1 2 1.84
Zr–O2 315 4 2 2.03
Zr–O3 56 1 2 2.31
XRD parameters of PLZT5 sample
a (Å) b (Å) c (Å)
4.01062 4.01062 4.01106
x/a y/b z/c Occupancy
Pb/La 0.0000 0.0000 0.0000 0.95/0.05
Zr/Ti 0.5000 0.5000 0.5463 0.40/0.60
O1 0.5000 0.5000 0.0974 1
O2 0.5000 0.0000 0.6120 1
XRD neighborhood of PLZT5 sample
Zr neighbors R (Å)
Pb–O 1.85
Pb–Ti 2.02
Pb–Zr 2.27
XRD parameters of PLZT15 sample
a (Å) b (Å) c (Å)
4.02307 4.02307 4.048427
x/a y/b z/c Occupancy
Pb/La 0.0000 0.0000 0.0000 0.85/0.15
Zr/Ti 0.5000 0.5000 0.5291 0.40/0.60
O1 0.5000 0.5000 0.0412 1
O2 0.5000 0.0000 0.5978 1
XRD neighborhood of PLZT15 sample
Zr neighbors R (Å)
Zr–O1 1.98
Zr–O2 2.03
Zr–O3 2.07
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structural data available in the literature, the discussion remains
confusing, especially if we compare XRD and XAS results. The
apparent disagreement between XRD and XAS data is far to be
astonishing. The long-range order structure of samples, like in
Pb1xLaxZr0.40Ti0.60O3 obtained from powder XRD Rietveld reﬁne-
ments is biased for different reasons:
(i) Substitutional disorder on two different sites (Pb by La on A
site and Zr by Ti on B site). Despite their different radius,
each site is constrained to be unique in the XRD reﬁnement.
(ii) Displacement disorder: the Ti and Zr off-center displace-
ment is considered identical in order to limit the number
of Rietveld reﬁnement parameters. This assumption leads
to a systematic average effect.
(iii) Orientation disorder: a random substitution of Pb by La
should inﬂuence the distortion on the Zr neighboring site.
However, in the XRD reﬁnement it is assumed that the ori-
entation of this distortion is ordered.
All these structural effects lead to averaged unit cell parameters
and atomic positions. This is why it is impossible to quantitatively
compare the local structure probed by the long-range order XRD
technique and local order probed by XAS.
The moduli of Fourier transform (FT) relative to the EXAFS spec-
tra at the Pb LIII-edge as a function of the La content are shown in
Fig. 3. We can observe only a slight evolution of the FT moduli. The
intensity of the FT moduli peaks beyond 3.2 Å is signiﬁcantly lower
and will not be considered in our analysis.
As the discrepancy between XRD and XAS results concerning
mainly samples that exhibit a long-range order cubic structure,
we chosen to analyze in more details the Pb L-edge EXAFS spectra
of the cubic relaxor PLZT21 sample.
The experimental EXAFS spectra of the PLZT21 sample was then
compared qualitatively with theoretical models based on a cubic
and tetragonal local symmetries. The MAX-Roundmidnight pack-
age allows a qualitative comparison of the experimental and theo-
retical EXAFS spectra obtained from FEFF8.2 code. The FEFF input
ﬁles issued from MAX-Crystalffrev software were obtained using
previous XRD data [30]. In the FEFF model, the neighbor number
(degeneracy) and mean bond length (R) were ﬁxed to the values
provided in Table 4. The two parameters which are manually mod-
iﬁed are the unique Debye Waller factor value and the energy shift
to adjust the peak amplitude and align the theoretical and experi-
mental EXAFS spectra in k-space. Multiple scattering paths identi-
ﬁed only beyond 3.5 Å in the Fourier transform as well as the ﬁrst
contributions due to Pb/La shell and other Pb–O ad Pb–T/Zr shells
were not considered.
As can be seen in Table 4, in the local tetragonal symmetry
model consists of three sets of different Pb–O distances displaced
at 2.55 Å, 2.89 Å, 3.26 Å and two Pb–Ti/Zr distances at 3.40 Å and
3.63 Å. Fig. 4(a) shows a comparison between the experimental
FT of the PLZT21 sample and the theoretical FT based on the tetrag-
onal model. The Pb local structure of our PLZT samples is a good
example of the impossibility to assign directly EXAFS FT peak to
individual distance. The moderate difference between the three
Pb–O distances results in a signiﬁcant overlap and interference ef-
fect responsible for the peaks splitting. The minimum observed
around 2 Å is not related to a separation of the Pb–O distances
but it is an interference effect between the three shortest Pb–O
contributions.
According to the local model of cubic symmetry depicted in
Table 4, the neighborhood of Pb atoms is formed by one shell with
twelve O atoms at 2.88 Å and a shell formed by ﬁve Ti atoms and
three Zr atoms at 3.48 Å. Fig. 4(b) shows a comparison between
the experimental Fourier transform of the PLZT21 sample and
the theoretical Fourier transform spectra.
Although its XRD pattern has been reﬁned as cubic, the compar-
isons provided in Fig. 4 show that the local tetragonal model is in
better agreement with the Fourier transform experimental spec-
trum of the PLZT21 sample [10]. The only disagreement lies in
Table 2
Interatomic distances (R), Debye–Waller factor (r2) and quality factor (QF) of PZT, PLZT5
and PLZT15 samples obtained through Zr K-edge ﬁltered ﬁrst shell EXAFS ﬁtting.
Sample Nshell Npar QF
(a) Fitting conditions and QF evolution versus the number of shells
PZT 1 3 1.12
2 5 0.56
3 6 1.23
PLZT05 1 3 5.41
2 5 0.13
3 7 0.15
PLZT15 1 3 3.15
2 5 1.12
3 7 0.18
(b) best ﬁtting results
shell 1 shell 2
N 5.5(2) 0.5(2)
R (Å) 2.06(1) 1.73(4)
r2 (Å2) 0.087(1)
DE (eV) 0.24(1.2)
PLZT5
shell 1 shell 2
N 5.1(1) 0.9
R (Å) 2.08(1) 1.75(1)
r2 (Å2) 0.0065(2)
DE (eV) 1.5(3)
PLZT15
shell 1 shell 2 shell 3
N 3.9(1) 1.21(1) 0.9
R (Å) 2.09(2) 2.04(6) 1.75(1)
r2 (Å2) 0.0062(1)
DE (eV) 1.5(2)
Table 3
Off-center displacement of Zr from ZrO6 octahedra for PLZT5 and PLZT15 samples.
Sample DR (XRD) DR (EXAFS)
PZT 0.23 Å 0.16(5) Å
PLZT5 0.21 Å 0.16(2) Å
PLZT15 0.05 Å 0.14(2) Å Fig. 3. Fourier transform modulus of Pb LIII-edge EXAFS spectra of PLZT samples at
room temperature.
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the ﬁrst peak amplitude, meaning that, in this case, a global and
unique Debye Waller factor value adopted is inadequate to
describe all coordination shells.
Based on these results, the Fourier-ﬁltered contributions from
r-space between 1.0 and 3.5 Å of the PLZT21 sample was ﬁtted
using the tetragonal model described above. The results of ﬁtting
are provided in Table 5 and the comparison between experimental
and theoretical EXAFS spectra presented on Fig. 5 conﬁrmed the
previous qualitative analysis about the validity of the local tetrag-
onal model.
Pb LIII-edge EXAFS spectra of PZT and PLZT15 samples were also
collected at 500 C and 250 C, which are above the maximum tem-
perature of the dielectric permittivity curve (Tm) of PZT
(Tm = 410 C) and PLZT15 (Tm = 82 C) samples [10]. At 500 C, the
PZT sample exhibits a paraelectric behavior whereas at 250 C,
the PLZT15 sample shows a relaxor behavior and both display a cu-
bic symmetry [10]. As can be seen in Fig. 6, the FT of PZT and
PLZT15 samples collected at these temperatures are also character-
istic of a local tetragonal symmetry. Thus, this qualitative analysis
indicates that independently of the dielectric behavior and if the
samples are characterized as displaying a cubic long-range order
structure, Pb atoms show a signiﬁcant degree of local distortion.
In summary, XRD, which provides information about the aver-
age structure at long-range distances, shows that the structure of
the PZT, PLZT15 and PLZT21 samples at speciﬁc temperatures
exhibits a cubic symmetry. On the other hand, XAS, which probes
the short-range structure around the absorber atom, shows that
their local structure exhibits a tetragonal symmetry more compat-
ible with the dielectric properties specially in the PLZT15 and
PLZT21 samples characterized as relaxors [8,9].
The different local symmetry observed by XRD and XAS was
also reported by different authors [42–44]. By studying the PbTiO3
compound at different temperatures, Sicron et al. showed that Ti
atoms are shifted from their ideal position above the Curie temper-
ature whereas, according to XRD data, Ti atoms occupy the ideal
position in the TiO6 octahedron [42]. Teslic and Egami also re-
ported a discrepancy between local and long-range order struc-
tures when they studied PbZr1xTixO3, Pb(Mg1/3Nb2/3)O3 and
Pb1xLaxZryTi1yO3 systems through X-ray diffraction and neutron
scattering measurements [43,44]. Their structural studies yielded
evidence of slight local deviations from crystallographic lattice
periodicity and local chemical ordering [43,44].
The apparent discrepancy between the results of XAS and XRD
can be explained in terms of the capacity to detect a local disorder
in a imperfectly ordered structure. In X-ray absorption spectros-
copy, the physical process involved in the absorption is in the order
of 1015 s, which is shorter than the time scale of the structural
modiﬁcations that occur in the system, enabling to observe a dy-
namic and fast disorder process [42]. Regarding the X-ray
Table 4
Tetragonal and cubic structural parameters obtained from XRD reﬁnement and
related FEFF model of PLZT21 [10].
XRD tetragonal parameters
a b c
4.007734 4.007734 4.149705
x/a y/b z/c Occupancy
Pb/La 0.0000 0.0000 0.00004 0.79/0.21
Zr/Ti 0.5000 0.5000 0.546333 0.40/0.60
O1 0.5000 0.5000 0.132456 1
O2 0.5000 0.0000 0.620271 1
FEFF tetragonal model
Pb neighbor Amplitude ratio Degeneracy nleg R
Pb–O1 100 4 2 2.55
Pb–O2 71 4 2 2.89
Pb–O3 50 4 2 3.26
Pb–Ti1 39 3 2 3.40
Pb–Zr1 14 1 2 3.40
Pb–Ti2 22 2 2 3.63
Pb–Zr2 24 2 2 3.63
XRD cubic structural parameters
a b c
4.01983 4.01983 4.01983
x/a y/b z/c Occupancy
Pb/La 0.0000 0.0000 0.0000 0.79/0.21
Zr/Ti 0.5000 0.5000 0.5000 0.40/0.60
O1 0.5000 0.5000 0.0000 1
O2 0.5000 0.0000 0.5000 1
FEFF cubic model
Pb neighbor Amplitude ratio Degeneracy nleg R
Pb–O 100 12 2 2.84
Pb–Ti 27 5 2 3.48
Pb–Zr 18 3 2 3.48
Fig. 4. Tetragonal (a) and Cubic (b) FEFF models compared to experimental EXAFS
Fourier transform of PLZT21 at room temperature.
Table 5
Pb L-edge EXAFS ﬁtting results of PLZT21 sample obtained with the tetragonal model.
PLZT21 Nind = 22, S/N = 10.1
Tetragonal
Shells N R (Å) r2
Pb–O1 4 2.49(2) 0.031(2) Npar = 8
Pb–O2 4 2.82(2)
Pb–O3 4 3.34(6)
Pb–Ti 2.9(2) 3.39(1) 0.015(2) QF = 0.20
Pb–Zr 1.1 3.43(4)
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diffraction technique, the impossibility of observing disorders at
the local level is related to the structural model used during the
reﬁnements in which they are not considered [13]. As a result,
XAS technique allows a better visualization of local disorder than
X-ray diffraction.
Fig. 7 shows the room temperature Raman spectra of PLZT sam-
ples with the modes identiﬁed according to the Raman spectra of
PbTiO3 tetragonal sample [45]. According to our previous XRD
measurements, all the samples exhibit a tetragonal symmetry at
room temperature, except the PLZT21 sample, which displays a cu-
bic symmetry [10]. As the concentration of La atoms increases, two
signiﬁcant changes are observed in the Raman spectra. Firstly, the
intensity of A1(TO1) mode, related to the displacement of Ti and O
atoms relative to Pb atoms along the opposite direction decreases.
According to Frantti et al., this decrease is related to changes in the
polarization [45]. The second signiﬁcant modiﬁcation is the emer-
gence of a band around 640 cm1 mainly in higher La concentra-
tions. According to Buixaderas et al., vacancies caused by the
addition of La+3 ions to the PZT structure could affect the vibrations
of oxygen atoms surrounding the octahedron at high frequencies
due to a charge repulsion by the absence of positive charge in va-
cancy surroundings [19]. The Raman spectra of the PLZT21 sample,
characterized as cubic by XRD, shows detectable bands with lower
intensity in comparison with the other samples [10].
Fig. 8 shows the Raman spectra of PLZT15 and PLZT21 samples
as a function of temperature. According to previous XRD results,
the PLZT15 sample exhibits a cubic structure above 50 C whereas
the PLZT21 sample exhibits a cubic structure at any temperature.
As can be seen in Fig. 8(a), above 50 C, the Raman spectra of PLZT15
sample presents all bands whereas in the PLZT21 Raman spectra,
Fig. 8(b), the Raman bands are observed at all temperatures.
According to selection rules, Raman bands are not expected in a
perovskite cubic structure [19,46]. The observation of Raman
modes in a long-range order cubic symmetry has been attributed
to the displacement of Pb, Zr and Ti atoms from their center of
symmetry [19]. According to Buixaderas et al. [19], if Zr and Ti
atoms are off-center displaced from their octahedron in a long-
range order cubic phase, at least seven active modes in the infrared
and ten active modes in Raman would be observed. On the other
hand, Itié et al. showed that the displacement from the center of
symmetry is not sufﬁcient to justify the existence of Raman modes
in a cubic phase and the terms of anharmonicity of the vibrations
on the lattice that could induce a Raman activity should be consid-
ered [36].
These Raman results are consistent with the results provided by
XAS technique, which showed that a local cubic symmetry is not
compatible with the dielectric properties of the PLZT21 sample.
El Marssi et al. attributed the presence of Raman modes in the cu-
bic phase of PLZT samples to ﬂuctuations in the polarization of the
polar nanoregions [20]. However, as shown in Fig. 8, these modes
are also observed in the Raman spectra of PLZT15 sample at
450 C, where the sample was characterized as paraelectric [9].
According to Fig. 8, all the modes exhibit the same ratio of
intensity increase as the temperature decreases, except the peaks
between 400 and 600 cm1, which show a higher intensity in-
crease in comparison to the other modes. This region involves
the E(TO3) mode and the intensity variation of this mode in func-
tion of the temperature presents a particular behavior on the case
of relaxor ferroelectric perovskite samples [20]. Fig. 9 shows the
integrated intensity value of the E(TO3) mode of the PLZT12,
PLZT15 and PLZT21 samples as a function of temperature. As can
be seen, the integrated intensity value of E(TO3) mode of the
PLZT12 sample, which exhibits normal ferroelectric behavior, var-
ies linearly with the temperature, even at temperatures lower than
Tm (150 C). For the PLZT15 and PLZT21 samples, which were char-
acterized as ferroelectric relaxors, as the temperature decreases,
the integrated intensity of the E(TO3) mode increases up to a
certain value and then, below Tm (80 C and 15 C respectively)
remains practically constant. This behavior, which is not observed
for the PLZT12 normal ferroelectric sample, shows that, in
good agreement with the literature, the process of correlation
Fig. 5. Fitting of the back-Fourier-ﬁltered experimental EXAFS signal of PLZT21
sample at room temperature using the tetragonal model.
Fig. 6. Fourier transforms of PZT and PLZT15 at 500 C and 250 C respectively.
Fig. 7. Raman spectra of PLZT samples at room temperature.
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between nanodomains in the PLZT relaxor samples stabilizes at
temperatures lower than Tm [20].
4. Conclusion
The local structure of the Pb1xLaxZr0.40Ti0.60O3 system was
characterized by Zr K-edge and Pb LIII-edge XAS and Raman
spectroscopy.
The displacement of Zr atoms from the center of ZrO6 octahe-
drons determined by Zr K-edge EXAFS measurements shows to
be only slightly inﬂuenced by the La content with much smaller
changes than that observed from the XRD analysis, which expect
an evolution to a regular ZrO6 octahedron. The analysis of the Pb
LIII-edge EXAFS spectra revealed that the local structure around
Pb atoms at room temperature and temperatures above Tm is also
distorted and incompatible with the local cubic symmetry deter-
mined by XRD. This discrepancy between XAS and XRD has been
interpreted as the ability of XAS technique to detect disorders at
the local level in an average ordered structure.
Raman spectroscopy results conﬁrmed the existence of a local
disorder through the observation of Raman modes in samples that
exhibited a long-range order cubic symmetry. The variation of the
integrated intensity of the E(TO3)mode of relaxor samples with the
temperature showed that the process of correlation between nan-
odomains, which are responsible for the relaxor phenomena, stabi-
lizes at lower temperatures. On the other hand, the intensity of this
mode in PLZT12, characterized as a normal ferroelectric sample,
varies linearly with the temperature.
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